The soft zone in dentine beneath the dentino-enamel junction is thought to play an important role in tooth function, strain distribution and fracture resistance during mastication. Recently reported asymmetry in mechanical properties with tooth side may point at a basic property of tooth function. The aim of our study was to test if this asymmetry was reflected in the nano-and micromechanical properties of dentine.
Introduction
Dentine is situated between the pulp chamber and enamel (coronal dentine) or cementum (root dentine) of teeth, and its microstructure consists of a hydrated type I collagen matrix reinforced with nanocrystalline carbonated apatite (Ten Cate, 1998) . Intertubular dentine (ITD) lies between tubules that run from the pulp chamber to the dentino-enamel junction (DEJ); the tubule lumens are about 1 µm in diameter and are surrounded by a 0.5-1.5 µm hypermineralised layer of peritubular dentine (PTD) (Kinney et al., 1999) which seems to be noncollagenous (Habelitz et al., 2007) .
Studies of deformation and stiffness of the dentine soft zone near the DEJ showed dentine near the DEJ to be significantly less stiff on the buccal side than on the lingual side of the tooth, suggesting that tooth function relies on this asymmetry, allowing the enamel cap to shift during mastication (Zaslansky et al., 2006a; Wang and Weiner, 1998) . The aim of our preliminary study was to determine if this asymmetry in mechanical properties of teeth was reflected in elastic modulus and hardness of dentine near the DEJ, which we investigated using nanoand microindentation.
Materials and methods

Tooth sample preparation
Human maxillary third molars from females aged 19 to 23 years requiring extractions as part of dental treatment were collected following a protocol approved by the UCSF Committee on Human Research. Teeth were sterilised using gamma radiation (White et al., 1994; Brauer et al., 2008) and stored in Hank's Balanced Salt Solution (HBSS) at 4°C. Crowns were sectioned parallel to the occlusal plane to obtain 1-2 mm thick discs from directly beneath the occlusal part of the enamel, using a diamond saw (Buehler, Lake Bluff, IL, USA); roots were sectioned bucco-lingually in the centre of the root, perpendicular to the occlusal plane (for illustration see diagrams in Figure 1 ). Specimens were polished with SiC papers and diamond suspensions to 0.25 µm and stored in HBSS to minimise surface demineralisation (Habelitz et al., 2002) .
Materials testing
Three types of experiments were performed: measurement of (i) nano-mechanical properties (elastic modulus and hardness) of wet and dry coronal dentine, (ii) microhardness of coronal dentine and (iii) microhardness of root dentine. For each experiment three independent tooth samples were used, i.e. 9 specimens in total.
Nanoindentations were performed using a Nanoscope III (Digital Instruments, Santa Barbara, CA) atomic force microscope (AFM) with the standard head replaced with a TriboScope system and Berkovich indenter (both Brauer et al. Nano-and micromechanical properties of dentine: investigation of differences with tooth side 4/9
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Hysitron Inc., Minneapolis, MN). Calibration was performed on standard fused quartz samples with known elastic modulus. Peak load of 400 (dentine) and 2000 µN (enamel) produced load-deformation curves, from which both elastic modulus and hardness were calculated as described previously (Brauer et al., 2008) ; experiments on wet and dry samples were performed on buccal and lingual sides along linear "tracks", starting in enamel, crossing the DEJ and continuing over > 400 µm into dentine.
Step size varied between 1 and 5 µm;
smaller step sizes being used near the DEJ.
Microhardness was tested on dry crowns and roots using a microhardness tester (MicroMet 5101, Buehler) with
Knoop diamond indenter and loads of 50 (enamel) to 10 g (dentine), using a normal load application with the indenter being in contact with the sample for 10 s. Measurements were started on the DEJ (crowns) or cementodentine junction (CDJ; roots) for > 1 mm into dentine (step size 25.4 µm). Measurements on roots were performed halfway between crown (i.e. enamel-cementum junction) and root apex. Knoop hardness (GPa) was determined as:
where P is the force in N and d is the length of the long diagonal of the indentation (mm).
Both nano-and microindentation measurements were performed along linear "tracks" perpendicular to the junction, with two tracks per tooth side (buccal and lingual) for each sample.
Statistical analysis
Medians and ranges were used to summarise, per track, the total number of indentations and the frequency of indentations per 100 µm of dentine. The large range of distances per track allowed modelling of mean properties (hardness and elastic modulus) by surface (buccal, lingual), distance (linear and quadratic terms), and their interaction. Thus we could examine differences between surfaces near the DEJ and at points (at 50, 100, 200, and 400 µm) between the DEJ and the pulp chamber. The analyses, performed using SAS software v9.1, accounted for correlation among surfaces within teeth via a random effect and for the correlation among measures within tracks using compound symmetry (use of other covariance structures, variance components and autoregressive did not change the results). Properties (hardness and elastic modulus) of dentine were analysed on the natural log scale, using maximum likelihood to estimate parameters and likelihood ratio tests (LRT) to assess variation in dentine properties between surfaces and by distance from the DEJ. Surface effects, estimated as mean buccal-lingual differences and 95% confidence intervals on the log scale, were exponentiated for reporting, yielding buccal-lingual ratio estimates on the natural scale. Both properties were modelled as quadratic functions of distance.
Brauer et al.
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Results
Hardness (Figure 1 for microindentation results) and elastic modulus values showed large variability. At each distance (50, 100, 200 and 400µm) from the DEJ, elastic modulus and hardness from nanoindentation experiments on dry and wet coronal dentine are lower on the buccal than on the lingual side ( Figure 2) ; however, differences are not statistically significant. In addition, elastic modulus and hardness increased with distance from the DEJ but trends were not statistically significant (global LRT, p > 0.05). Microhardness of dry coronal dentine (Figure 3a) shows similar trends to those for nanohardness, results being lower on the buccal side and increasing with depth but trends are not statistically significant. Microhardness of Brauer et al. Nano-and micromechanical properties of dentine: investigation of differences with tooth side 6/9
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On dry coronal dentine nanohardness (Figure 2b ) is higher than microhardness ( Figure 3a) ; this is particularly noticeable at 100 to 400 µm from the DEJ. 
Discussion
Dentine is known for its gradual transition in structure and properties (Craig et al., 1959; Wang and Weiner, 1998; Fusayama et al., 1966; Maev et al., 2002; White et al., 2000; Marshall et al., 2001 ) and this change in mechanical properties is reflected in the observed gradual increase in hardness and elastic modulus with increasing distance from the DEJ. Two main factors can account for this: dentine near the DEJ is known to be softer than bulk dentine, and the number of tubules per unit area, i.e. the fraction of harder and stiffer peritubular dentine, decreases. Due to the large microindenter size in relation to the dentine microstructure, microhardness
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Nanoindentation also yields larger average hardness than microindentation, particularly at increasing distances from the DEJ, due to microindentations including the empty space of the tubule orifices, giving a smaller average value. This difference between nano-and microindentation measurements becomes more pronounced with increasing number of tubules per unit area at increasing distance from the DEJ. Brauer et al.
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Recently it was reported that the mechanical properties of the dentine soft zone show a bucco-lingual asymmetry (Zaslansky et al., 2006a) with buccal dentine near the DEJ being less stiff than lingual. The authors suggested that this asymmetry could be related to tooth function during mastication, as the enamel cap was shown to tilt towards the buccal side when loaded (Zaslansky et al., 2006b) . Asymmetry in strain and stiffness was reported repeatedly (Wang and Weiner, 1998; Wood et al., 2003; Zaslansky et al., 2006a) , and modelling suggested that ITD governed the elastic behaviour of dentine (Kinney et al., 1999) .
Our results show buccal coronal dentine to have consistently lower elastic modulus and hardness than lingual, which suggests that the asymmetry found by Zaslansky et al. might at least partially be caused by differences in dentine materials properties with tooth side. Our finding that root dentine on the lingual side is less hard than buccal (opposite to crown dentine) suggests a compensatory effect, through which the root provides stability for the flexibility present in the crown. However, due to the small number of samples used in this study (n = 3 for each method), the differences failed to reach statistical significance at the 0.05 level.
It is worth noting that Zaslansky et al. (2006a) noted the buccal/lingual asymmetry on maxillary premolars, while here also upper teeth were investigated. Considering that in maxillary and mandibular teeth opposite cusps are loaded during mastication, functional differences might be associated with opposing differences in buccal and lingual properties and will be investigated in future experiments.
Despite the limitations of this study due to small sample numbers, our findings provide a potential explanation for the findings of Zaslansky et al.: teeth resist impact forces through asymmetries in mechanical properties between the sides of the tooth, in opposite directions in crown and root dentine.
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